The fruit fly Drosophila simulans and its sister species D. mauritiana are a model system for studying the genetic basis of reproductive isolation, primarily because interspecific crosses produce sterile hybrid males and their phylogenetic proximity to D. melanogaster. We present an analysis of whole-genome patterns of polymorphism and divergence that shows, on average, the genomes of the two species differ at slightly more than 1% of nucleotide positions and an estimated 40% of autosomal and 60% of X-linked loci are reciprocally monophyletic. However, the analysis also identifies 21 major genomic regions, comprising ~1% of the genome, in which one species is segregating for haplotypes that are more similar to haplotypes from the other species than expected, given the levels of sequence divergence in that genomic region. This disjoint distribution of interspecific coalescence times is consistent with recent introgression between the cosmopolitan D. simulans and the island endemic D. mauritiana. We find that the putatively introgressed regions are more likely to have significantly higher rates of crossing-over and are enriched for genes with significantly slower rates of protein evolution. We also uncover instances in which genes experiencing lineage-specific positive selection closely interact with genes experiencing introgression. Finally, we find that a large introgressing region on the X chromosome has experienced a strong selective sweep in D. mauritiana and also has high levels of homozygosity in D. simulans. A detailed analysis reveals that the introgressing X chromosome haplotypes are closely associated with the presence of the MDox locus, which is the progenitor of the Winters sex-ratio meiotic drive genes. These results highlight how genetic systems that evolve rapidly in allopatry, including selfish meiotic drive elements, remain robust in natural hybrid genotypes and do not systematically promote reproductive isolation.
INTRODUCTION
In their original formulations of the biological species concept, Dobzhansky and Mayr envisioned the process of speciation as being complete only when gene flow ceases to occur between two diverging populations (DOBZHANSKY 1937; MAYR 1942 ). Yet both authors later revised their thinking to incorporate the possibility of limited gene flow between taxa that nonetheless exhibit partial reproductive isolation (DOBZHANSKY 1951; MAYR 1963) . In these circumstances, many of the architects of the Modern Synthesis assumed that gene flow would necessarily be limited because natural selection was expected to remove most introgressing genomic material, so as not to "destroy the integrity of the two species" (WRIGHT 1978) . The modern view on this problem emphasizes that species boundaries can be considered a continuum; one that is based on how individual genetic systems diverge and interact over time (HARRISON 1990; WU 2001) . Under a simple model, reproductive isolation evolves as an incidental byproduct of divergence in allopatry (COYNE AND ORR 2004) . Upon secondary contact and hybridization, the magnitude of introgression may be variable and depend upon both the frequency of hybridization and the genomic distribution of substitutions that cause postzygotic isolation. There are only a handful of well-characterized examples of formerly allopatric populations, which have evolved substantial postzygotic isolation, coming into secondary contact and experiencing genomic introgression.
The genomes of populations that form stable hybrid zones and presumably experience high levels of gene flow tend to show only localized regions of autosomal differentiation and high overall levels of differentiation on sex chromosomes (e.g., TEETER et al. 2008) . Among more diverged taxa, such as reproductively isolated types of the sea quirt Ciona intestinalis, there may be ample opportunity for hybridization, but the observed patterns of genomic introgression tend . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  6
In this study, we use whole-genome resequence data from 10 D. mauritiana and 20 D. simulans inbred lines to identify and characterize the genomic regions that have experienced recent gene flow. Our approach to detecting introgression is purposefully conservative, as we seek to minimize type II error and focus primarily on recent introgression events that have occurred well after the evolution of reproductive isolation between these two species. In addition, we leverage the vast amount of functional annotation available for D. melanogaster to ask whether the putatively introgressing regions share any distinguishing functional characteristics. In total, we examine eleven different functional characteristics and find that the introgressed regions are located in highly recombining genomic intervals and are enriched for genes with a reduced rate of protein evolution compared to the genomic background. Finally, we uncover compelling (14021-0248.25) , and the reference strain of D. melanogaster (y;cn bw sp). Data are reported previously (GARRIGAN et al. 2012; GARRIGAN et al. 2014; ROGERS et al. 2014) . We . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  perform short read alignment against the D. mauritiana genome (version 2) using the "aln/sampe" functions of the BWA short read aligner and default settings (LI AND DURBIN 2009).
Reads flanking indels are realigned using the SAMTOOLS software ). Individual BAM files are merged and sorted with SAMTOOLS.
Genome scans
Within and between population summary statistics: Both within-and between-population summary statistics are estimated in 10 kb windows using the software package POPBAM (GARRIGAN 2013) . Within both the D. mauritiana and D. simulans populations, the estimated statistics include: unbiased nucleotide diversity π (NEI 1987) , the summary of the folded site frequency spectrum Tajima's D (TAJIMA 1989) , and the unweighted average pairwise value of the r 2 measure of linkage disequilibrium, Z nS , excluding singletons (KELLY 1997) . The between population statistics include: two measures of nucleotide divergence between populations, D XY and net divergence, D A (NEI 1987) , the ratio of the minimum between-population nucleotide distance to the average, G min (GENEVA et al. 2015) , and the traditional fixation index, F ST (WRIGHT 1951) . From a total of 11083 scanned 10 kb windows, we only analyze windows with at least 50% of aligned sites passing the default quality filters in POPBAM, which results in a final alignment for 10443 scanned 10 kb windows. POPBAM output is formatted for use in the R statistical computing environment using the package, POPBAMTools (https://github.com/geneva/POPBAMTools). All statistics and data visualization of genome scans are also performed using the R software package (R CORE TEAM 2014).
Analysis of coding regions:
We generate sequence alignments for the CDS of all known transcripts in D. mauritiana. Transcripts are annotated as described previously (GARRIGAN et al. 2014) , except that reads are mapped to version 2 of the D. mauritiana reference genome MK test using a one-tailed Fisher's exact test, which explicitly tests whether there is an excess of nonsynonymous substitutions. To determine significance of the deviations from expectations, we correct for multiple tests, using the method described in GARRIGAN et al. (2012) . We use P < 0.001 as the threshold for determination of significance, which corresponds to a proportion of tests that are truly null to be 0.984 and a false discovery rate of 18.3%. We do not perform MK tests that contrast divergence and polymorphism between D. simulans and D. mauritiana, because our primary motivation for the analysis is to determine whether putatively introgressed regions are more or less subject to natural selection over the long-term than a random sample from the genome. Introgression would have the net effect of reducing the number of substitutions between D. simulans and D. mauritiana, while inflating the count of polymorphic sites in the population that receives the introgressing sequences.
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Analysis of introgression

Identification of introgressed regions:
We use the G min sequence measure to scan the genome for intervals that have recent common ancestry between D. simulans and D. mauritiana (GENEVA et al. 2015) . G min is defined as the ratio of the minimum number of nucleotide differences per aligned site between sequences from different populations to the average number of nucleotide differences per aligned site between populations. The G min statistic is calculated in 10 kb intervals across each major chromosome arm, using the same filtering criteria that are used for all other summary statistics. From these values, we wish to calculate the probability of the observed G min under a model of allopatric divergence, conditioned on the divergence time. For each 10 kb interval, the significance of the observed G min value is tested via Monte Carlo coalescent simulations of two populations diverging in allopatry. All mutations in the simulations are assumed to be neutral. The population divergence time is set to 1.21 × 2N sim generations before the present, in which N sim is current effective population size of D. simulans (GARRIGAN et al. 2012) . In the simulations, the observed local value of D XY is used to determine the neutral population mutation rate for that 10 kb interval. To account for uncertainty in local population recombination rate, for each simulated replicate, the rate is drawn from a normally distributed prior (truncated at zero) with the mean calculated from the empirical crossing-over frequencies estimated by (TRUE et al. 1996a) . The empirical crossing-over estimates are converted from cM to ρ (the population crossing-over rate, 4N sim c, by assuming N sim ≈ 10 6 ). The effective population sizes of both species are assumed to be equal and constant. While this assumption and that of selective neutrality of mutations may not approximate reality very well, it does serve to make the test more conservative, because any factor that decreases the effective population size also increases the rate of coalescence within populations, which has the net effect . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  of increasing G min and decreasing its variance, since fewer ancestral lineages will be available for inter-specific coalescence in the ancestral population (GENEVA et al. 2015) . For each 10 kb interval, 10 5 simulated replicates are generated and the probability of the observed G min value is estimated from the simulated cumulative density. (MI et al. 2013) . The number of protein-protein interactions for the putatively introgressed coding sequences is obtained from the results of a previously published coaffinity purification coupled with mass spectrometry analysis of 4385 proteins in D. melanogaster (GURUHARSHA et al. 2011) . Three different aspects of gene expression were examined: magnitude of expression, sex-bias, and tissue-specificity. For the first two aspects, we use sex-specific gene expression estimate from whole flies using previously published RNA-seq data (GARRIGAN et al. 2014 ).
Short read data are mapped to version 2 of the D. mauritiana genome using the TopHat (version . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  2.0.13) of the Cufflinks software suite (KIM et al. 2013 tissue-specificity in introgression regions versus the whole genome using the same bootstrapping method as the sex-specific expression analysis. In addition, the relative age of each gene in the Drosophila phylogeny is contrasted between putatively introgressed and the background set of genes using data from ZHANG et al. (2010) and a Fisher's exact test based on observed and expected counts of genes in each age class.
We also ask whether the genes encoded in the putatively introgressed 10 kb intervals are enriched for genes experiencing either elevated or reduced rates of protein evolution. The rate of protein evolution is measured using the "Direction of Selection" (DoS) statistic, which quantifies the difference between the proportion of substitutions between D. simulans and D. melanogaster . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  that are nonsynonymous and the proportion of polymorphism in D. simulans that are nonsynonymous. The DoS measure is calculated as whether the DoS in the pooled set of putatively introgressed genes is significantly greater or less than the DoS calculated from a pooled set of genes randomly sampled from the genome. This is achieved by summing D N , D S , P N , and P S for all genes in the pooled set and calculating DoS from the sums. The null hypothesis that there is no difference in the rate of protein evolution for the putatively introgressed genes is tested via a bootstrap analysis in which a set of k genes are sampled with replacement from the genome and the DoS is calculated for that resampled set. The two-tailed probability of the observed DoS is determined from the bootstrap cumulative distribution, based on 10 6 replicates. Lastly, a modified version of this test includes testing whether the introgressed genes are significantly different from the remainder of the genome in the proportion of significant unpolarized MK one-tailed Fisher's exact tests, as described in the preceding subsection.
For the region-based analyses, we consider whether putatively introgressed regions have different protein-coding potential than the genome at large. This hypothesis is tested by tallying the percent of each 10 kb interval that is included in a CDS annotation in the D. mauritiana . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  genome (GARRIGAN et al. 2014) . We also ask whether introgressing regions have systematically different substitution rates than the rest of the genome. To test this hypothesis, we calculate net divergence (D A ) from D. melanogaster for 15394 short introns, a sequence class with low levels of functional constrains (PARSCH et al. 2010) , 161 of which occur in introgression windows using POPBAM. We analyze introns shorter than 70 bp, excluding the first six and the last two bases, which contain splice signals and are thus constrained (HALLIGAN et al. 2004) . Only short intron regions with at least 50% of sites passing the default POPBAM quality filters are included. (1996a) . This test is conservative due to the low density of markers genotyped in that study. We did not contrast other proxies for recombination frequency (for example, Z nS ), because these within-population statistics may be biased by the presence of long, recently introgressed haplotypes. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  the digests are run on a 1% agarose gel stained with EtBr and the band size was estimated using the GeneRuler 1 kb plus ladder (Thermo Scientific). (Macherey-Nagel, Germany), and cDNA is synthesized using both poly dT oligos and random hexamers using Superscript III RT cDNA synthesis kit (Invitrogen, CA). Finally, qPCR is performed on a Bio-Rad Real-time PCR machine using the following cycling conditions: 95° C for 3 mins.; 40 cycles of 95° C for 10s, 58° C for 30s, and 72° C for 30s. The primer sequences used for qPCR are provided in Table S1 .
Post hoc analysis of the
Quantitative PCR for
RESULTS
Previous studies of the D. simulans clade characterized levels of both whole-genome divergence (GARRIGAN et al. 2012) and polymorphism individually within D. mauritiana (NOLTE et al. 2013; GARRIGAN et al. 2014) and D. simulans (BEGUN et al. 2007; ROGERS et al. 2014) . Here, we present the first analysis of whole-genome variation both within and between D. mauritiana and D. simulans. The primary advantage of this approach is that it enables a fully integrated analysis of the effects of natural selection on genome polymorphism and divergence, and has the added benefit of increased power to detect low and intermediate frequency introgressed The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  chromosome (median F ST = 0.378) than the autosomes (median F ST = 0.279) and the ratio of X to autosomal F ST is 1.355, close to the expected neutral value of 4/3 (if the effective population size of the X chromosome is 3/4 that of the autosomes). A genome-wide scan for F ST is presented in Figure S1 .
Analysis of introgression
Identifying introgressing regions of the genome: Introgressing regions of the genome are identified using the G min measure of between-species sequence divergence. G min is the ratio of the minimum pairwise sequence distance between species to the average pairwise distance between species. This measure is designed to be sensitive to coalescent genealogies with recent gene flow, especially when the introgressed sequence is low or intermediate frequency (GENEVA et al. 2015) . The median and median absolute deviation of G min estimates across 10 kb intervals for each chromosome arm varies from 0.761 ± 0.0537 for chromosome 3L to 0.785 ± 0.0531 for chromosome X (Figure 3) . As all loci in the genome approach reciprocal monophyly, G min will approach one with zero variance, because when divergence is higher there will only be two ancestral lineages from each population available for inter-specific coalescence in the ancestral population and, by definition, the minimum distance (numerator) will be equal to the mean pairwise distance (denominator). Genomic intervals that are inconsistent with a purely allopatric divergence model are identified by a Monte Carlo simulation procedure that assumes that the true population divergence time is constant across all 10 kb intervals, separately for the X and the autosomes. Local variation in recombination rate is accounted for by assuming a prior distribution and integrating over all sampled parameter values.
In total, 138 of the 10443 10 kb genomic intervals (1.32%) have significantly more recent common ancestry between D. simulans and D. mauritiana than expected in a purely allopatric . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  divergence model, as indicated by significantly low values of G min . These 138 significant intervals are arrayed into 21 distinct contiguous genomic regions (Figure 1) . The length of the inferred introgression tracts varies from a single 10 kb interval to 230 kb in low-recombination pericentric regions (Table 2) . However, the largest putatively introgressed region that occurs in the middle of a chromosomal arm spans 200 kb (2.944 cM) between coordinates 13870000-14070000 on chromosome 3R. Intriguingly, this large region is immediately proximal to a region that has previously been shown to have experienced gene flow and simultaneous positive selection in both D. simulans and D. sechellia (BRAND et al. 2013) . The putatively introgressed genomic intervals contain 143 genes with homologs in D. melanogaster (Table S2) Functional analysis of introgression regions: First, we consider whether the genomic region that are identified as introgressed bear any distinguishing features when compared to the background genomic distribution ( Table 1) . For this region-based comparison, we test whether the putatively introgressed genomic intervals differ with respect to three properties: 1) the amount of coding sequence in the interval, 2) the overall net substitution rate between . 14, 2015; D. simulans and D. melanogaster, and 3) the recombination rate, as determined from a coarsescale map of crossing-over events in a laboratory population. The assumption that inter-genic, non-coding sequence should have fewer deleterious fitness effects in hybrid individuals predicts that putatively introgressed regions should contain fewer genes. However, we find that 14.75% of base positions in introgressed regions encode CDS sequence, which does not significantly differ from the average of 14.73%, for both the X and the autosomes (P MWU > 0.05). In addition, to test whether introgressed regions may have a lower mutation rate, we compared the median net divergence (D A ) between D. simulans and D. melanogaster for short introns, a relatively unconstrained sequence class (PARSCH et al. 2010) . The net substitution rate per site in introgressed windows is 3.51%, which is not significantly different from the whole genome estimate of 3.38% (95% CI: 2.26-4.05%). We find no deviation in the introgressed regions when the autosomes and X are analyzed separately, nor when the analysis is performed for the D. mauritiana-D. melanogaster species pair (Table S3) . Finally, we do find that the putatively introgressed genomic regions have significantly elevated rates of crossing-over than the overall genomic background rate (bootstrap P < 0.05 with 10 4 replicates; Table 1 ).
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Functional analysis of introgressed genes:
In addition to measuring the properties of genomic regions that are putatively introgressed, we also measure properties of the 143 genes located in the introgressed regions. We examine seven gene-based characteristics: 1) gene ontology, 2) the number of protein-protein interactions, 3) male and female gene expression levels 4) tissuespecificity of gene expression, 5) gene age, 6) rate of amino acid substitution, and 7) proportion of genes subject to positive natural selection.
Of the 143 genes located in putatively introgressed regions, 130 are associated with both gene ontology biological process and molecular function terms. A statistical analysis using the . 14, 2015; PANTHER classification system finds a significant enrichment for the biological process term "cell development" (GO:0048468; P = 2.91 × 10 ; FDR q = 0.0344). However, all of the genes responsible for both of the above GO enrichment results are located in the same genomic interval on chromosome 2L, between coordinates 2790000-2860000 ( Figure S3 ) and likely do not represented repeated, independent introgression events.
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The Bateson-Dobzhansky-Muller (BDM) model of reproductive isolation assumes incompatibilities arise due to failed epistatic interactions between genes carrying lineage-specific substitutions (ORR 1997) . One prediction of the BDM model is that introgressing genes are more likely to encode proteins with fewer number of interacting partners, so as to minimize the probability of reduced fitness due to failed epistatic interactions. We find that the median number of protein-protein interactions for 49 of the putatively introgressed genes is 9, compared to the median of 13 interactions for a background set of 4385 genes. On this basis, we conclude that the introgressed genes do not significantly differ in the number of protein-protein interactions from a large genomic sample (P MWU = 0.2029). Interestingly, several of the putatively introgressed genes are members of large protein complexes and encode highly connected protein products, including the phosphoglycerate mutase enzyme Pglym78 (n I = 46), the proteasome subunit Rpn2 (n I = 35), and the cytoskeletal protein Act78B (n I = 27).
The magnitude and pattern of gene expression is predictive of the rate of evolution of a gene, both in terms of sequence evolution and divergence in gene expression. For example, highly expressed genes tend to diverge slowly both in primary sequence and expression pattern (DRUMMOND et al. 2006; LIAO et al. 2006; ZHANG AND YANG 2015) , whereas genes with high . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015; 20 tissue-specificity (i.e., not broadly expressed) show high rates of protein evolution (LARRACUENTE et al. 2008 ), but low rates of expression evolution (LIAO et al. 2006) . Finally, sex-biased genes tend to be rapidly evolving at the sequence level (ELLEGREN AND PARSCH 2007), with male-biased genes also showing rapid evolution of gene expression (MEIKLEJOHN et al. 2003) . Characterizing how patterns of gene expression may differ in introgression windows is important because BDM incompatibilities may also be caused by changes to gene regulation (LANDRY et al. 2007) , resulting in transgressive expression, which has been implicated in some cases of hybrid male sterility (GOMES AND CIVETTA 2015).
To determine whether putatively introgressed genes show any bias in the magnitude of gene expression, we analyze RNA-seq data from whole-body male and female samples of the genome reference strain of D. mauritiana (GARRIGAN et al. 2014) . We find that genes in the introgression windows do have a higher median expression level when compared to the rest of the genome ( Figure S4 ). This elevation is statistically significant for male-specific expression (12.91 FPKM for the introgression genes versus 8.42 FPKM for the genome; P = 0.009) and maximum sexspecific expression (20.46 FPKM for the introgression genes versus 14.68 FPKM for the genome average; P = 0.043) but not for female-specific expression (8.42 FPKM for the introgression genes versus 6.54 FPKM for the genome; P = 0.240).
Because sex-biased genes, and male-biased genes in particular, tend to evolve rapidly, we may expect that this class of sequence will be less likely to introgress between species with partial reproductive isolation. In the putative introgression windows, we observe fewer male-biased genes than expected: 27 compared to 40, although this difference is not significant (P FET = 0.074; Table S4 ). In contrast, there is no deviation from expectations for female-biased genes (13 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015; observed versus 13 expected). The reduction in male-biased genes in introgression windows is less extreme when higher fold changes are used to define sex-specific expression (Table S4) .
To assess the tissue-specificity of introgressed genes, we analyze expression data from D. melanogaster for 21 different tissue types (CHINTAPALLI et al. 2007 ; MEIKLEJOHN AND PRESGRAVES 2012). Unexpectedly, genes in the introgression windows show slightly higher tissue-specificity than the genome as a whole (Figure S5 ), although this difference is not statistically significant. The median tissue specificity, τ , for introgressed genes is 0.656 compared to the genome median of 0.546 (P = 0.130, 10 3 bootstrap replicates). More than 47% of the tissue-specific genes are testes-specific, which tend to be rapidly evolving in
Drosophila and other organisms (ELLEGREN AND PARSCH 2007)
. If the testes-specific genes are removed and the above analysis is repeated, we find a significant elevation of τ for introgressed genes (τ = 0.580 for the introgressed genes and τ = 0.413 for the genomic background; P = 0.016). These results are consistent with tissue-specific genes having lower rates of gene expression divergence and thus being less likely to cause regulatory incompatibilities.
To test whether introgressed regions are more or less likely to harbor newer (more recently evolved) genes, we utilize previously published data that places > 11000 genes along seven different branches of various ages in the Drosophila phylogeny (ZHANG et al. 2010) . Despite the prediction that introgressed genes are more likely to be older and conserved (YUAN et al. 2012) , we find no bias in the number of introgressed genes originating along each branch (Table S5) .
Finally, we ask whether the putative introgressing coding sequences are more or less likely to have a history of positive natural selection. This general hypothesis is addressed using two different approaches. Both approaches are based on the framework of polarized MK tests using counts of nonsynonymous and synonymous polymorphisms from the D. simulans population .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015; 22 sample and counts of nonsynonymous and synonymous substitutions between D. simulans and D. melanogaster reference genome. First, we test whether the "Direction of Selection" (DoS) statistic among the pooled group of introgressed genes differs from random samples of genes from the genome. Among the 88 introgressed genes for which we could unambiguously create CDS alignments, the pooled DoS = 0.0129. A null genomic background distribution of pooled DoS for 88 randomly selected genes is created using 10 6 replicates. The null distribution has a mean DoS = 0.0839 (Table 1) . Consequently, the pooled DoS for introgressed genes is significantly lower than a random sample of genes (P = 0.00002). A second complementary approach asks whether the introgressed regions are enriched or depauperate for genes that are individually deemed to have histories of recurrent positive natural selection. This analysis indicates that none of the 88 introgressed genes, for which a MK test result exists, deviate significantly from neutral expectations, following correction for multiple tests. From a total of 8415 one-tailed Fisher's exact tests, there are 141 tests with P < 0.001 (1.67%). Since no putatively introgressed genes result in a significant test, we are not able to determine whether the introgressed regions are depauperate in positively selected genes, however we can reject the alternative hypothesis that the introgression regions are enriched for positively selected genes over the genomic background (P FET = 0.4067).
When we closely examine the sequences of the putatively introgressed genes, we can document instances in which a gene encodes amino acid differences that are fixed between the introgressed and the endogenous D. mauritiana haplotypes. We find that nine of the 143 introgressed genes have nonsynonymous substitutions between the introgressed and D. mauritiana sequences. These genes are Papilin, Dhc98D, Syncrip, CG17271, TweedleB, TweedleD, TweedleP, lilliputian, and mangetout. We perform a more detailed analysis on five of these coding sequences, excluding . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  the Tweedle genes (which are tandem arrayed in a single 10 kb interval on chromosome 3R and are excluded to avoid any uncertainty in variant calls due to paralogous sequence alignment) and the CG17271 gene, which lacks functional annotations. Figure S6D) . Finally, the Syncrip gene is involved in RNA localization during development; the D. simulans haplotype is present in one D. mauritiana line and has eight amino acid differences from the endogenous haplotype, three of which occur in RNA recognition motifs ( Figure S6E) .
Introgression of the Winters sex-ratio meiotic drive genes:
There are two adjacent putatively introgressed regions on the X chromosome occurs between 8560000-8580000 and 8630000-
Both of these regions harbor the Winters sex-ratio meiotic drive genes:
Distorter on the X (Dox) and its progenitor gene, Mother of Dox (MDox) (TAO et al. 2007b ). In 14, 2015; peak in introgressed haplotype frequency overlaps a driver gene (Figure 4) . Finally, we are able to amplify MDox cDNA from both D. mauritiana and D. simulans, indicating that the gene is expressed.
If MDox did, in fact, reach fixation in D. mauritiana because of meiotic drive, then it must be actively suppressed in D. mauritiana, since there is no known manifestation of the sex-ratio phenotype in this species. Furthermore, if the population is to survive, there must be a concomitant selective sweep at the suppressor locus. Because we are able to recover MDox cDNA, we infer that drive must be suppressed at the post-transcriptional level in D. mauritiana, as it is in D. simulans. Assuming that Nmy (or another locus with homology to MDox) acts as the suppressor via a similar RNA interference mechanism, we ask whether any such locus in the genome also shows a strong signal of a selective sweep. Although Nmy suppresses MDox/Dox drive in D. simulans, polymorphism and divergence in 5 kb increments of the 100 kb surrounding the Nmy gene shows little evidence for either a strong selective sweep or recent introgression ( Table S7 ).
All three genes of the Winters sex-ratio system share sequence homology due to their origin through gene duplication and retrotransposition (TAO et al. 2007a) . We attempt to locate any additional suppressor, driver, or modifier genes in the D. mauritiana genome by performing 14, 2015; downstream from the region of homology with MDox is a Tudor domain that has homology with the gene krimper. The remaining X-linked regions have no expressed transcripts detectible in D. mauritiana whole-body mRNA samples. Within these three regions, estimates of G min again show no evidence of introgression (Table S7) and are reciprocally monophyletic at more than 40% of autosomal and nearly 60% of X-linked loci. We use relatively conservative criteria to identify 21 distinct genomic regions as putatively . 14, 2015; introgressed (totaling 1.38 Mb or 7.92 cM). This estimate corresponds to 1.3% of the total length of aligned sequence on the five major chromosome arms.
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Hybridization between populations that have evolved partial postzygotic isolation creates an inherent tension in the genome (sensu lato, BARTON AND HEWITT 1985) . The likelihood of genomic introgression is elevated by demographic factors, such as an increased frequency of hybrid mating, or by fitness-related factors such as heterosis. Alternatively, introgression is constrained by reduced hybrid fitness due to interactions between incompatible mutations. This tension is mediated by recombination and independent assortment progressively partitioning the genome into genotypes with levels of relative fitness that allow sustained rates of natural backcrossing. Our study documents which blocks of the genome are permitted by natural selection to introgress to intermediate frequency, despite a non-trivial density of loci causing both hybrid inviability and hybrid male sterility.
Because D. mauritiana and D. simulans are the closest known relatives of D. melanogaster, we are able to leverage the vast amount of functional genomic annotations from D. melanogaster to ask whether the introgressed regions bear some distinguishing characteristics. We find that genomic regions with higher rates of crossing-over are more likely to introgress between species. This is not necessarily unexpected because these regions are more frequently decoupled from incompatible interactions in the early generations of backcrossing. Two fundamental parameters of the BDM model are the number of substitutions and the probability that any two substitutions are incompatible (TURELLI AND ORR 2000) . In support of the predictions of the BDM model, we find that proteins with reduced rates of amino acid substitution are over-represented in the introgressing genomic regions. Interestingly, we also find that genes in the introgression regions have higher expression levels, which is predicted based on the observation that gene expression . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  level inversely correlates with the rate of evolution in a variety of taxa (DRUMMOND et al. 2006; KOONIN AND WOLF 2006) . In addition, we observe that genes in introgression regions have higher tissue-specificity, which is associated with lower rates of divergence in gene expression (LIAO et al. 2006 ) and thus, fewer regulatory incompatibilities.
However, we find other patterns that are not readily predicted by the BDM model. Under the BDM model, loss of hybrid fitness is caused by dysfunctional molecular interactions between substitutions that fixed independently and have never been tested together by natural selection.
Thus, genes with larger numbers of interactions should have a higher probability of evolving an incompatibility than lowly interacting genes. However, we find there is no significant difference in the number of protein-protein interactions for genes in the putatively introgressed regions, compared to the genome average. One caveat to this is that larger genetic networks may also incorporate more redundancy and may be more robust to perturbation due to mutation (WAGNER AND WRIGHT 2007) .
It is often thought that genes experience lineage-specific natural selection have an increased probability of causing postzygotic reproductive isolation (e.g., PRESGRAVES 2010). Since we observe that the genes located in the putatively introgressed genomic regions are not disproportionately subject to positive natural selection and these genes also have a significantly slower rate of protein evolution, our results cannot fully address this hypothesis. However, our analyses does highlight a situation in which an introgressing gene is able to maintain a molecular interaction with a gene experiencing lineage-specific positive selection. We find that the Chd1 gene has recently introgressed from D. simulans into D. mauritiana and its protein product has direct physical interactions with that of the Hira gene, which has experienced a recent selective sweep in D. mauritiana (GARRIGAN et al. 2014) . A haplotype carrying the introgressed Chd1 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  gene occurs at intermediate frequency in D. mauritiana ( Figure S2) and it differs by two fixed nonsynonymous substitutions from the endogenous D. mauritiana sequences. Generally, the Chd1 gene is known to evolve rapidly in Drosophila (LEVINE AND BEGUN 2008) and its protein product has been shown to deposit maternally-derived histones onto the condensed male pronucleus prior to the first mitosis following fertilization (KONEV et al. 2007) . To perform this function, the Chd1 protein interacts with the protein encoded by the Hira gene. Hira chaperones maternal H3.3 histones to Chd1 for deposition and there is a direct physical interaction between the two proteins. A previous analysis of this data set shows that the Hira gene has undergone a strong recent selective sweep in D. mauritiana (GARRIGAN et al. 2014) , possibly to escape cytoplasmic incompatibility caused by Wolbachia (ZHENG et al. 2011) . This example demonstrates that, despite rapid evolution in the components of a non-redundant interaction critical to reproduction, this system remains robust to perturbation due to interspecific divergence.
Unlike introgression events documented between D. simulans and D. sechellia (BRAND et al. 2013) , we find no clear evidence for adaptive introgression between D. simulans and D. mauritiana. However, we do find that the two adjacent introgressing regions on the X chromosome both occur at high frequency in both D. simulans and D. mauritiana. These likely do not represent a case of a globally advantageous mutation, but instead the history of a recently active selfish genetic element. The introgressing regions on the X chromosome contains the two driver genes of the functionally-characterized Winters sex-ratio meiotic drive system and our analysis uncovers compelling circumstantial evidence that this drive system has recently been active in both D. simulans and D. mauritiana (Figure 4) . The idea that meiotic drive lies at the heart of an evolutionary arms race-one that may ultimately lead to hybrid male sterility . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015;  (FRANK 1991; HURST AND POMIANKOWSKI 1991)-was initially viewed with skepticism (COYNE AND ORR 1993), but has more recently found qualified instances of empirical support (TAO et al. 2001; PHADNIS AND ORR 2009) . In fact, the sweep at the MDox/Dox region in D. mauritiana has been cited as supporting the idea that intra-genomic conflict can contribute to speciation (NOLTE et al. 2013; SEEHAUSEN et al. 2014) . Although it is theoretically difficult to imagine how a locus, that simultaneously causes both hybrid male sterility and sex chromosome segregation distortion, could readily invade and sweep through a divergent population, our data represent one observation that stands contrary to this idea of meiotic drive as a mechanism that facilitates reproductive isolation between allopatric populations. If it is generally true that, when given the opportunity, meiotic drive elements can readily traverse species boundaries and become fixed in the recipient population (MORITA et al. 1992) , then this scenario suggests something quite the opposite-a questionable role for meiotic drive in directly promoting reproductive isolation.
The restricted pattern of genomic introgression between D. simulans and D. mauritiana suggests these two species' genomes have a high density of substitutions that cause postzygotic isolation or that there has been a limited opportunity for hybridization due to geographical considerations or substantial prezygotic isolation. While we are essentially documenting some fraction of the genome that does not contain hybrid incompatibilities, this data set has the potential to address the role of natural selection in driving the evolution of intrinsic postzygotic isolating factors.
Ongoing work to map loci that cause hybrid male sterility when experimentally introgressed from D. simulans into a D. mauritiana background will allow a detailed analysis of the genomic consequences of the inherent tension between gene flow and reproductive isolation. . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015; Table 1 . Comparison of functional characteristics between regions of the genome experiencing recent introgression and the genomic background. Functional characteristics are categorized as "gene-based" meaning they are properties of the protein coding genes located in those regions, and "region-based", which means they are properties of the entire introgressing genomic region, irrespective of coding sequence properties. Statistically significant comparisons are shown in boldface type. . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024711 doi: bioRxiv preprint first posted online Aug. 14, 2015; 
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